ABSTRACT Accurate behavioral assessments of consciousness are crucial in guiding management as they provide diagnostic and prognostic information, but they are challenging since different clinical scales lead to varying results for the same patient. This paper aimed to investigate the phase synchrony index in differentiating the states of consciousness (wakefulness, somnolence, stupor, light coma, middle coma, and deep coma) in ischemic stroke. We evaluated whether the quantitative electroencephalography (EEG) measure, phase synchrony index of the left and right hemispheres, can facilitate the assessment of consciousness in stroke patients. This paper included 82 patients with ischemic stroke admitted for inpatient rehabilitation. The phase synchrony index of the left and right hemispheres was computed in the alpha band (8-12 Hz) and beta band (13-30 Hz), respectively. The associations between the phase synchrony index of the left and right hemispheres in two frequency bands with the clinical states, including the level of consciousness and the National Institutes of Health Stroke Scale score were analyzed. For further assessments of phase synchrony of the left and right hemispheres (PSI-LR), four local phase synchrony indexes in the beta band were also evaluated. The experiments result showed that PSI-LRs in the beta band correlated significantly with the level of consciousness of ischemic stroke patient and the National Institutes of Health Stroke Scale score, and they can identify the impaired consciousness in ischemic stroke patients with an accuracy of 84.15%. Compared with local phase synchrony, the phase synchrony index of channel FP1 and channel FP2 exhibited a more significant correlation with the level of consciousness than the other three local phase synchrony measures. These results suggest that the novel quantitative EEG measure, PSI-LR provides a new objective way to assess the level of consciousness in ischemic stroke patients.
I. INTRODUCTION
Impaired consciousness is frequent after acute brain injuries including brain hemorrhages and ischemic stroke [1] . Varied of clinical scales have been evolved to assess the depth and duration of impaired consciousness and coma. However, thesáÿe neurological examinations are time consuming and challenging in a hectic critical care environment even
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. when performed by highly trained physicians. Furthermore, there is no general agreement about what terms to use in these neurological examinations, nor are those in common use interpreted similarly by different workers. These direct measures of consciousness based on neurological examinations and behavioral observations allow not only for assessment of interaction with the environment, but also of state and state fluctuations. Therefore, reliable objective assessments of consciousness are of tremendous practical and ethical significance [2] . Reliable measures of consciousness would allow a paradigm shift in the management of patients with acute brain injuries, providing potential biomarkers for the development of early interventions to improve the recovery of consciousness [3] .
The neurological examinations allow not only for assessment of interaction with the environment, but also of state and state fluctuations. Objective assessments of consciousness using quantitative electroencephalographic (QEEG) analysis may offer an alternative as suggested by studies of patients with chronic disorders of consciousness [4] - [6] . Recent reports have demonstrated the usefulness of QEEG for assessing the neural network and its association with various clinical statuses [7] . For example, a study in a small subset of patients has suggested that entropy measurements appear to constitute a diagnostic tool for assessing coma, vegetative state and minimally conscious state [8] .
Multiple QEEG features have been introduced to reflect the clinical status after stroke. The most remarkable one is the brain symmetry index (BSI), a widely used quantitative indicator of brain activity that can reflect the asymmetry of the two brain hemispheres in patients who have experienced ischemic attacks. A previous study has revealed a positive correlation between BSI and the National Institutes of Health Stroke Scale (NIHSS) scores, verifying the feasibility and clinical utility of the BSI [9] . The revised brain symmetry index (r-BSI) and the pairwise-derived brain symmetry index (pdBSI), which was improved on the BSI, also have been indicated to be effective in assessing clinical states after stroke [10] . Apart from that, many other QEEG features were introduced to assess the clinical states of stroke patients. For instance, (delta + theta)/(alpha + beta) power ratio (DTABR), was revealed to be significantly correlated with the modified Rankin Scale (mRS) score at month 6 after stroke [11] . The delta/alpha power ratio (DAR) was demonstrated to be effective in classifying participants as acute ischemic stroke patients or controls [12] .
Despite the obvious promise of the above QEEG features, none of them have been shown to be related to the level of consciousness in stroke patients. However, all of the above QEEG measures focus on spectral analysis. To date, few studies have assessed the utility of the QEEG measures derived from the phase of electroencephalography (EEG) signals for evaluating stroke patients. Indeed, phase synchrony of EEG signals has recently emerged as a new parameter for neural network analysis [13] . For instance, the phase lag index (PLI) and the imaginary component of coherency (IC) were used to detect changes in the beta band connectivity in Alzheimers disease patients [14] . Weighted Phase Lag Index (w-PLI) connectivity measured in the high-γ range were found be useful in distinguishing wakefulness from sleep [15] . Phase synchronization (PS) was shown to be relevant to long-term functional recovery after stroke and was positively correlated with the NIHSS score [16] .
Here, we identified the reproducible QEEG features, the phase synchrony index of the left and the right hemispheres (PSI-LR) to improve the assessments of consciousness in ischemic stroke. Firstly, we calculated the PSI-LR in the alpha and beta bands, as both of these frequency bands have been highlighted in previous analyses [17] , [18] . Then, we evaluated the associations between the PSI-LRs in 2 frequency bands with clinical states, including the level of consciousness and the NIHSS score of ischemic stroke patients. To show the superiority of PSI-LRs, we compared the PSI-LR with other existing QEEGs involving BSI and DAR. In addition, we evaluated four local phase synchrony indexes in the beta band. Finally, we tested whether the PSI-LR would be influenced by the stroke lesions recorded from the CT or MRI scans and the potential relationships among the QEEG measures and the lesion sites.
II. MATERIALS AND METHODS

A. SUBJECTS
The patients in this study were inpatients admitted to the neurology department at Shanxi Provincial Peoples Hospital following acute stroke from September 1, 2017, to April 1, 2018. A total of 82 ischemic stroke subjects (mean age ± standard deviation [SD] = 64.7 ± 14.8 years; 24 females) were enrolled in the study. MRI head scans or CT were performed to locate stroke lesions. The inclusion criteria were as follows: (1) diagnosis of cerebral infarction by MRI or CT and (2) age ≥ 18 years. The exclusion criteria were as follows: (1) cerebral hemorrhage and (2) pregnant or lactating women. Data were collected as part of a prospective observational cohort study approved by the local institutional review board.
B. CLINICAL AND BEHAVIORAL ASSESSMENTS
Neurological deficits were quantified using NIHSS (possible score range: 0-42 points, with higher scores indicating more severe impairments) [19] . Patients' state of consciousness were determined by applying a hierarchical battery of observation assessments. Table 1 summarized main points of assessment of consciousness. In all patients, neurological examinations with assessments of states of consciousness were systematically performed immediately before EEG recording. All clinical assessments were performed by medical personnel in the neurology department who were blinded to the QEEG measures of the subjects.
C. EEG RECORDINGS AND PREPROCESSING
An EEG of spontaneous cortical activity during the resting state was recorded using a digital video EEG bedside monitoring system (Solar 2000 N, Solar Electronic Technologies Co., Ltd, Beijing, China; sampling rate = 100 Hz). Ag/Ag Cl electrodes were positioned at FP1, FP2, C3, C4, O1, O2, T7, T8, A1 and A2 according to the international 10-20 system. To keep impedances below 10 k and to ensure high signal quality, electrodes were placed in close contact with the surface of the skin and were routinely checked. Each time, the EEG was recorded continuously for at least 30 minutes. The maximum allowed interval between the end of the clinical exam and the start of the EEG recording time was 30 minutes.
All EEG analyses were conducted in EEGLAB (version 14.1.1b) with supplementary scripts operating in MATLAB R2014a software (Math Works Inc., Natick, MA, USA). The EEG data were first re-referenced to an average reference. After high-pass filtering (0.5 Hz) and low-pass filtering (30 Hz) were successively applied using a basic finite impulse response (FIR) filter, the ensuing signals were segmented into 0.5-second epochs with an automatic epoch rejection threshold of 150 µV peak-to-peak amplitude [15] . For each of the resulting signals, five minutes of data were selected to calculate the following QEEG measures [20] .
D. PHASE SYNCHRONY INDEX OF THE LEFT AND RIGHT HEMISPHERE (PSI-LR)
The PSI-LR estimates a subject's phase difference between the left hemisphere and the right hemisphere. The phase synchrony index (PSI) estimates the amount of synchronization between two data channels from a homologous electrode pairs. To compute PSI-LRs and PSIs, it is necessary to know the instantaneous phase of each possible channel. In this paper, a Hilbert transform was applied to compute the instantaneous phase of the EEG signals [14] .
In the Hilbert transform, if a function u(t) of a real variable is input, another function, a real variable H (u(t)) will be produced via integration as follows:
where P refers to the Cauchy principal value. A complexvalued function z(t) can be constructed with u(t) as its real part and H (u(t)) as its imaginary part:
From Above Equation (2), the instantaneous amplitude and the instantaneous phase φ(t) can be computed by:
and
The PSI is defined as:
where φ L (t k ) and φ R (t k ) represent the instantaneous phase of the left and the right channel of a homologous channel pair, respectively; i represents the imaginary unit; and t k represents the kth discrete time-step. The PSI-LR was calculated as the spatial average of local PSIs across all hemispheric electrode pairs. Furthermore, in this paper, the PSI-LRs were averaged over 60 epochs in order to acquire a stable estimation of the relative phase. Since the absolute phases and the relative phases are both random [21] , the PSI-LR is a statistical measure of the relationship between data channels from the left hemisphere and right hemisphere. In fact, the PSI-LR only depends on the phase relations between the EEG signals without being affected by amplitude changes.
To explore the effects of band frequency on the PSI-LR, in the experiment, the RPI-LRs were averaged over all included epochs and all possible electrode pairs from the EEG signals at α (8-12 Hz) and β (13-30 Hz) frequency bands separately. Then, four local phase synchrony indexes, the phase synchrony index of channel FP1 and channel FP2 (PSI-FP1FP2), the phase synchrony index of channel C3 and channel C4 (PSI-C3C4), the phase synchrony index of channel O1 and channel O2 (PSI-O1O2), and the phase synchrony index of channel T7 and channel T8 (PSI-T7T8) in the beta band were calculated to explore the relationships of local phase synchrony and the level of consciousness.
E. MRI ACQUISTION
All available CT and MRI scans were coded by an experienced neurologist blinded to the subjects' QEEG measures. We specifically quantified injury in the following regions: tegmentum, thalamus, diencephalon, frontal lobe, temporal lobe, and diffuse injury of both hemispheres.
F. STATISTICAL ANALYSIS
All statistical analyses were performed using IBM SPSS software, version 19 (IBM Corp, Armonk, NY, USA). NIHSS, PSI-LR (beta), PSI-LR (alpha), BSI and DAR were considered continuous variables, and continuous variables were expressed as the mean ± standard deviation. Pearson and Spearman correlation analyses were used to assess the relationships between QEEG measures and the behavioural assessment of ischaemic stroke, including NIHSS and the level of consciousness. Comparisons between groups according to lesion sites were made using the independent-samples T-test. For all analyses, P < 0.05 was considered statistically significant.
III. RESULTS
To evaluate the relationship between the clinical behavioural assessments and bedside QEEGs, the level of consciousness of stroke patients was assigned a score from one to six. It was found that in this way, the score of conscious level have a significant linear correlation with the NIHSS score and bedside QEEGs, including PSI-LR, BSI, and DAR. The following analysis was based on this kind of assignment. Table 2 summarizes the patient demographics and clinical characteristics. Among 82 ischaemic stroke subjects, 33 subjects presented with right hemispheric lesions, 23 with left hemispheric lesions, 26 with lesions to both hemispheres, 30 with cortical lesions, 10 with basal ganglia infarction, 18 with a combined lesion, and 24 with no detailed lesions recorded.
A. PATIENT CHARACTERISTICS
B. CORRELATION OF THE LEVEL OF CONSCIOUSNESS WITH PSI-LR, BSI, AND DAR
When Pearson correlation coefficients were used to analyse the correlation between QEEG measures and the level of consciousness, PSI-LR in alpha band (8) (9) (10) (11) (12) , beta band (13-30 Hz), and DAR were significantly correlated with the level of consciousness (PSI-LR, β band: ρ = 0.728, P = 0.01; α band: ρ = 0.548, P = 0.01; DAR: ρ = 0.325, P = 0.01 [ Fig. 1A]) . However, the correlation of BSI and the level of consciousness did not reach statistical significance when the confidence coefficient was 0.05 (Fig. 1A) . Meanwhile, when we introduced the Spearman correlation coefficient to assess the relationships between the level of consciousness and QEEG measures, the results were not as remarkable as those for the Pearson correlation coefficient. The PSI-LR in the β band was most positively correlated with the level of consciousness (ρ = 0.449, P = 0.01 [ Fig. 1A] ). DAR tended to correlate with the level of consciousness (ρ = 0.277, P = 0.05 [ Fig. 1A]) . Nevertheless, the correlation of PSI (alpha) and BSI with the level of consciousness did not reach statistical significance (Fig. 1A) . The mean scores of PSI-LR in beta band, PSI-LR in alpha band, BSI, and DAR in different states of consciousness were showed in Fig. 1B. 
C. CORRELATION OF NIHSS WITH PSI-LR, BSI AND DAR
When Pearson correlation coefficients were introduced to assess the correlations of QEEG measures with NIHSS, a significant positive correlation was observed between BSI and NIHSS (ρ = 0.365, P = 0.01 [ Fig. 2C] ) and PSI-LR in beta band and NIHSS (ρ = 0.346, P = 0.01 [ Fig. 2A]) . However, PSI-LR in alpha band and DAR were negatively correlated with NIHSS ( Fig. 2B and Fig. 2D) . Similarly, when we used Spearman correlation coefficients to analyse the relationship between QEEGs and NIHSS, BSI was positively correlated with NIHSS (ρ = 0.366, P = 0.01 [ Fig. 2C]) , whereas PSI-LR (beta), PSI-LR (beta), and DAR were negatively correlated with NIHSS ( Fig. 2A, Fig. 2B, and Fig. 2D ).
D. RELATIONSHIP BETWEEN THE LEVELS OF CONSCIOUSNESS AND NIHSS
Interestingly, when we used Pearson correlation coefficient to analyse weather the level of consciousness score in this paper was positively correlated with the NIHSS score, the result was affirmative (ρ = 0.420, P = 0.01). The result of the Spearman correlation coefficient was similar (ρ = 0.398, P = 0.01).
E. CORRELATION BEWEEN THE LEVEL OF CONSCIOUSNESS AND THE LOCAL PHASE SYNCHRONY IN THE BETA BAND
The PSI-FP1FP2, PSI-C3C4, PSI-O1O2 and PSI-T7T8 in the beta band were calculated to analyse the correlations of local phase synchrony with the level of consciousness. The correlation analysis showed that PSI-FP1FP2 in the beta band (Pearson correlation coefficient, ρ = 0.612, P = 0.01; Spearman correlation coefficient, ρ = 0.482, P = 0.01 [ Fig. 3] ) was the most effective in measuring the relationships between local phase synchrony and the level of consciousness. The Spearman correlation coefficients of the three other local phase synchrony measures were all lower than the value of PSI-FP1FP2 (PSI-O1O2, ρ = 0.295, P = 0.01; PSI-C3C4, ρ = 0.430, P = 0.01; and PSI-T7T8, ρ = 0.450, P = 0.01). The Pearson correlation coefficients of PSI-O1O2, PSI-C3C4, and PSI-T7T8 in the beta band were ρ = 0.552 (P = 0.01), ρ = 0.704 (P = 0.01) and ρ = 0.710 (P = 0.01), respectively (Fig. 3) .
F. LESION SITE ANALYSIS
Based on the recordings of head MRIs, patients were grouped according to lesion sites (cortical infarction, basal ganglia infarction, and multiple infarctions in the cortex and basal ganglia) [22] . Table 3 described the neurologic profiles and QEEG features in the three group above. Comparisons of NIHSS, PSI-LR (beta), PSI-LR(alpha), BSI and DAR among patients with different lesion sites were performed using an independent-samples T-test. The results showed that NIHSS had statistically significant differences between cortical infarction patients with multiple infarctions in the cortex and basal ganglia (P = 0.017, t = −2.774, DF = 12). The PSI-LRs in the beta bands were significantly different between cortical infarction and basal ganglia infarction (P = 0.038, t = 2.433, DF = 9). However, no significant differences were found in PSI-LR (alpha), BSI and DAR among the three groups.
G. LESION SIDE ANALYSIS
The subjects were also grouped into two groups (single hemisphere and bilateral stroke). Table 4 showed the the neurologic profiles and QEEG features in these two group. An independent-samples T-test was used to analyse whether there were significant differences in NIHSS score and the QEEGs including PSI-LR (beta), PSI-LR (alpha), BSI and DAR between the two groups. The statistical results show that the PSI-LRs in beta bands were significantly different VOLUME 7, 2019 between single-hemisphere stroke and bilateral stroke patient (P = 0.000, t = −2.881, DF = 84). Nevertheless, there was no significant difference in the other QEEGs between the two groups.
IV. DISCUSSIONS A. PREDICTION OF THE STATE OF CONSCIOUSNESS
Limited studies employing electrophysiological measures to explore consciousness have been conducted. Despite the enormous challenges of conducting consistent assessments of consciousness, we were able to identify a pattern in EEG tracking with degrees of impaired consciousness. Our findings showed that the phase synchrony of the left and right hemispheres, represented by PLI-LRs deriving from resting-state EEG recordings, reflects the level of consciousness in ischaemic stroke patients.
The PSI-LR in the beta band was shown to be correlated with the level of consciousness of ischemic storke patients more closely than the other three QEEG measures in this paper, despite the fact it was associated with NIHSS less closely than BSI. Additionally, our experiments showed that, basically, the higher the PSI-LR value is, the worse the conscious state of an ischaemic stroke patient is. The corresponding PSI-LR ranges of some levels of consciousness have been further confirmed. Based on these ranges, we can predict the current level of consciousness in ischaemic stroke objectively.
Our experiments revealed that, if the level of consciousness from subjects with PSI-LR (beta) being from 0 to 0.22 is supposed to be wakefulness, and the states of consciousness from subjects with the PSI-LR (beta) being from 0.22 to 0.6 is supposed to be impaired consciousness, we can identify the impaired consciousness in ischaemic stroke patients 84.15% (69 of 82) accurately. Figure 4 shows the proportion of different states of consciousness in two ranges of the PSI-LR (beta). Although the state of consciousness in ischaemic stroke patients cannot identified 100 percent accurately using PSI-LR alone, the precision rate has improved remarkably FIGURE 4. Proportions of subjects with different level of consciousness. From the pie chart A, it can be seen that 81% of the subjects with PSI-LR (beta) being from 0 to 0.22 is awake. From the pie chart B, it can be found that 69% of the subjects with PSI-LR (beta) being from 0.22 to 0.6 is in a coma and 85% of them exhibit impaired consciousness. compared with a previous study which combined a series of QEEG features to assess the state of consciousness in comatose subarachnoid haemorrhage patients.
B. EFFECTS OF THE LESION STIE AND LESION SIDE
Comparing patients with varying lesion sites (cortical infarction, basal ganglia infarction, and multiple infarctions in the cortex and basal ganglia) demonstrated that the values of PSI-LRs in the beta band from ischaemic stroke patients with cortical infarction were significantly larger than those from the same kind of patients with basal ganglia infarction. This result is consistent with previous studies. A previous study found that the sensitivity of quantitative EEG was higher for cortical infarctions than for basal ganglia and internal capsule lesions, even though quantitative EEG was more efficient for all areas of lesions in detecting cases that had appeared normal by visual inspection [23] . As a result, on the basis of PSI-LRs, the level of consciousness of a patient with basal ganglia infarction can occasionally be overestimated, although in our experiments, among the 25 subjects with impaired consciousness, no subject was wrongly estimated because of basal ganglia infarction.
The result of the comparison of groups with different lesion sides (single hemisphere versus bilateral stroke) showed that PSI-LRs were more sensitive in bilateral stroke than in single hemisphere stroke. In our experiments, 8% (2 of 25) of patients clinically in a light coma were classified as wakefulness by PSI-LRs (beta).
Nevertheless, the comparisons of BSIs in the groups with different lesion sites and lesion side by an analysis of variance both showed no significant difference, and the same result can be found in a study in regard to BSI [24] .
C. EFFECTS OF ELECTRODES SETUP
In this paper, the EEG signals recorded from eight electrodes (FP1, FP2, C3, C4, O1, O2, T7, T8, A1 and A2) have been demonstrated effective in assessing the level of consciousness in ischaemic stroke patients. Studies from Simon Finnigan et al have also shown that a high-density electrode array was not essential and that a standard clinical EEG array, which was more feasible for routine usage, was generally adequate for post-stroke monitoring and prognoses. Indeed, many studies measuring BSIs have used eight electrodes [25] . Furthermore, a study from Finnigan SP revealed that DAR (as well as relative delta and alpha power) measurements derived from subacute stroke patients maintain significant correlations with NIHSS scores even when computed from only four frontal electrodes [26] .
In fact, as can be seen in Figure 2 , PSI-FP1FP2 derived from only two electrodes (FP1, FP2) placed in the forehead was also effective in assessing the state of consciousness after ischaemic stroke. Thus, when some patients cannot adapt to the eight-electrode setup or are strongly against the EEG test due to the discomfort caused by multiple electrodes, we can crudely assess the state of consciousness according to only two electrodes (FP1, FP2) . This result is consistent with medical conclusions and previous studies. The frontal lobe was revealed to be associated with mental disorders, memory, consciousness, mood, attention and motivation in medical science. A paper in Ann Neurological indicated that an impaired basal forebrain underlies decreasing levels of consciousness [3] . In addition, a resting-state functional MRI study revealed that the identified networks had motor, cognitive, and visual functions while the cognitive control network involved the medial frontal lobes, and the study suggested that frontal networks should be a target for future investigations into the mechanism of responsiveness in the intensive care unit environment [27] .
D. EFFECTS OF BAND FREQUENCY
Our experiments demonstrated that PSI-LRs in both the alpha and beta bands were positively correlated with the level of consciousness in ischaemic stroke patients. The results are consistent with previous EEG studies that have revealed the significance of coherence or synchrony in both frequency bands [17] , [18] . Furthermore, our experiments showed that PSI-LR in the beta band had a more significant correlation with level of consciousness, and it was more effective in predicting the current state of consciousness in ischaemic stroke patients (Figure 1) . Regarding the functional significance of synchrony within frequency bands, however, another EEG study revealed that phase synchronization in the alpha band reflects a closer relationship with the functional independence measure score than that in the beta band [28] .
E. LIMITATIONS OF THE STUDY
A number of limitations are worth mentioning, including the unbalanced nature of our data. As shown in Table 2 , the number of patients without impaired consciousness (58) is much larger than the number of stroke patients with disorders of consciousness (24) . Therefore, the different levels of consciousness were not completely balanced. In addition, not all of the specific lesion sites of the subjects in this study were recorded, as some patients were transferred from other hospitals. As a result, when we analysed the lesion site, the number of subjects (58) was smaller than the number of total subjects (82). Future studies will measure QEEGs in a larger cohort of stroke patients with impaired consciousness. At the same time, longitudinal investigations of the relationship between PSI-LR and the changes in level of consciousness will be further studied.
V. CONCLUSIONS
Based on the quantitative EEG feature PSI-LR, we were able to identify the impaired consciousness in ischaemic stroke patients with an accuracy of 84.15 percent. This is remarkable and will likely allow the future construction of an objective assessment tool to quantify consciousness without requiring expert interpretation. Our findings suggest that the QEEG measure PLI-LR, obtained as part of routine clinical care, complements the clinical assessment of unconscious patients after ischaemic stroke. 
